Biomaterials present exciting strategies for repairing damaged tissues; therefore, understanding the mechanical properties of biomaterials is fundamental to defining critical design considerations for implant success. For over two decades, atomic force microscopy (AFM) has been the gold standard for measuring the mechanical properties of both biomaterials and cells at high spatial resolution and force sensitivity within physiologically relevant environments (1-3). However, while determining the mechanical properties of hard scaffolds is relatively straightforward, mechanical testing of soft tissue scaffolds poses significant challenges, the primary of which is sample mounting. A good immobilization technique prevents formation of artifacts, and while many methods (e.g., those based on physical adsorption, covalent binding, air-drying, or use of porous polymer membranes) work well on single-cell layers, soft biological tissues are more technically challenging to mount due to the nature of matrix proteins, fiber orientation, and hydration level (2, (4) (5) (6) (7) . A particularly interesting natural soft biomaterial of great therapeutic potential is Wharton's Jelly, the stem cell-rich connective tissue of the umbilical cord. We used AFM to study its biomechanical properties, of which very little is known despite their importance in defining critical design considerations for efficient tissue engineering applications. With no previously reported AFM studies of this system, the first technical hurdle to overcome was identifying an effective method to immobilize Wharton's Jelly in its native hydrated state (nWJ) to enable AFM analysis. To do so, we explored two different tissue adhesives: (i) Cell-Tak (Corning, New York, NY), which has previously been used for AFM sample preparation (5, 8) and is based on polyphenolic proteins extracted from the marine mussel Mytilus edulis; and (ii) transglutaminase (Moo Gloo, Portsmouth, NH), also known as "meat glue," an enzyme that catalyzes the formation of protein networks by introducing glutamyl-lysyl isopeptide bonds between target proteins and is commonly used in commercial food processing to bond different proteincontaining foods together (9, 10) .
Umbilical cords were collected after donor consent at Memorial Hermann Hospital in Houston, TX. Umbilical cords from hepatitis B virus (HBV), hepatitis C virus (HCV), or HIV positive mothers or newborns were excluded. After harvesting nWJ from the middle portions of the umbilical cords, each ~5 mm (diameter) × ~1 mm (thickness) sample was immobilized on a 1 cm 2 area of a 60 mm diameter, negatively charged polystyrene dish (Cat. #353002, Corning) pre-coated with 1 of the 2 adhesives. For Cell-Tak we followed the manufacturer's hand-spreading method, spreading 10 ml of Cell-Tak in 5% acetic acid manually using a micropipette tip. After the acetic acid evaporated, the dish was washed with ethanol and water. nWJ was placed on the coated surface for 30 min, during which time the strongly hydrophilic nWJ remained fully hydrated, and then was immersed in buffer consisting of 1× DPBS with calcium and magnesium, pH Immobilizing hydrated soft tissue specimens for atomic force microscopy (AFM) is a challenge. Here, we describe a simple and very cost-effective immobilization method, based on the use of transglutaminase in an aqueous environment, and successfully apply it to AFM characterization of human native Wharton's Jelly (nWJ), the gelatinous connective tissue matrix of the umbilical cord. A side-byside comparison with a widely used polyphenolic protein-based tissue adhesive (Corning Cell-Tak), which is known to bind strongly to virtually all inorganic and organic surfaces in aqueous environments, shows that both adhesives successfully immobilize nWJ in its physiological hydrated state. The cost of transglutaminase, however, is over 3000-fold lower than that of Cell-Tak, making it a very attractive method for immobilizing soft tissues for AFM characterization.
Benchmarks

METHOD SUMMARY
This paper describes a simple, very cost effective, and artifact-free method to immobilize hydrated soft tissue samples for atomic force microscopy (AFM) applications by using transglutaminase in a hydrated environment. When using transglutaminase, a slurry was prepared according to the manufacturer's instructions by mixing enzyme and deionized water in a 1:4 (w/v) ratio. After letting the slurry set for 10 min on the dish, nWJ was placed on the coated surface for 30 min and then immersed in buffer solution for analysis. Data were acquired at room temperature using a Bruker BioScope II Controller (Bruker Corporation, Fremont, CA) integrated with a Nikon TE2000-E inverted optical microscope (Nikon Instruments Inc., Melville, NY) and were analyzed using NanoScope software (Bruker). Force curves were registered using Novascan colloidal AFM probes (Ames, IA) consisting of a 5-mm diameter borosilicate glass particle attached to the edge of a silicon nitride V-shaped cantilever with a nominal spring constant of 0.24 N/m according to manufacturer's stated values. Indentation curves were captured using 3-and 5-mm ramp sizes, corresponding to an indentation depth of ~1 mm, a scan rate of 0.5 Hz, and a trigger threshold of 12.69 nN = 1 V for each experiment. The nWJ was found to behave elastically rather than viscoelastically at this loading rate. Young's modulus (YM) was calculated following the Hertz model (spherical indenter radius = 2.5 mm) with a Poisson's ratio of 0.4 (11) . YM calculation analysis was performed using the NanoScope Analysis software. The mean YM (E) values for nWJ samples immobilized using Cell-Tak and transglutaminase were 2.06 ± 1.81 and 2.50 ± 0.37 kPa, respectively, consistent with the YM range of some of the body's softest tissues (12) . The corresponding figures (Figure 1 , A1 and A2; Figure 1 , B1 and B2) include graphs of the YM (E) data distribution and the representative AFM force-distance curves, which show the elastic behavior of the tissue sample, indicating the tissue maintained its physiological properties when immobilized with either Cell-Tak or transglutaminase. Overall, the data show that nWJ immobilized using Cell-Tak or transglutaminase exhibits a similar elasticity range, indicating that both adhesives are functionally effective in immobilizing nWJ in its physiological hydrated state; however, their cost-effectiveness is drastically different. Coating a 1 cm 2 surface area with Cell-Tak costs $2 versus $0.00065 for transglutaminase (Table  1) , the latter being over 3000 times more cost-effective. AFM samples can also be mounted with fibrin sealants (7,13). Although we did not test their performance with nWJ, their average cost per milliliter is 1000-fold higher than that of transglutaminase. The very low cost, coupled with the simplicity and robustness of the sample preparation method, makes the use of transglutaminase an excellent option for immobilizing soft tissues for AFM applications.
Cell-Tak and transglutaminase utilize biological mechanisms of adhesion.
Cell-Tak consists of polyphenolic proteins that bind strongly to virtually all inorganic and organic surfaces in aqueous environments, a property that is believed to be mediated by 3,4-dihydroxy-L-phenylalanine (L-DOPA) (8) . Transglutaminase forms glutamyl-lysyl isopeptide bonds between target proteins and likely immobilizes nWJ by cross-linking itself via its reactive lysine residues (10) to glutamine-containing substrates in nWJ.
To our knowledge, this is the first study to use transglutaminase to mount AFM samples and the first to describe a method for immobilizing nWJ, enabling the investigation of its mechanical properties using AFM. Although the effectiveness of our approach could possibly be affected by tissue type (e.g., variability in tissue charge-nWJ is negatively charged in this buffer) and experimental conditions (e.g., buffer strength), it is likely applicable to other soft tissues that need to be studied in the hydrated state, since glutamine is the most abundant naturally occurring nonessential amino acid in human tissues (14) . ) and the corresponding representative atomic force microscopy (AFM) force distance curves (Panels A2 and B2). Seven to eight regions in each sample were randomly selected, and 8-12 data points per region were acquired. Every group of data points represents one region ramped several times. nWJ1, nWJ2, and nWJ3 are samples harvested from three different umbilical cords. 
